Solid-state phase equilibria in the ternary systems Er-Ni-P and Er-Ni-As have been determined at 800 • C (region 0 -67 at. % P or 0 -50 at. % As) using X-ray diffraction, scanning electron microscopy and electron probe microanalysis. Eight ternary phosphides and six ternary arsenides have been synthesized, including several phases reported previously. The hexagonal structure of the new compound Er 6 Ni 20 P 13 , as determined from single-crystal X-ray data, exhibits a new structure type closely related to the Ho 6 Ni 20 P 13 structure. 
Introduction
The ternary Ln-Ni-P systems, where Ln represents a heavy rare earth metal, have been investigated systematically for Ln = Y, Gd, Tb, Ho, and Yb [1 -5] , and the corresponding isothermal sections of the solidstate phase diagrams have been constructed for the temperature of 800
• C, in the concentration region of 0 -67 at. % P. In general, these systems showed about six to eight ternary phosphides, the crystal structures of which have been determined [6, 7] . On the contrary, the ternary systems Ln-Ni-As have not been studied widely, except for Y-Ni-As [1] and Ho-Ni-As [8] , for which the isothermal sections of the phase diagrams have been constructed at 800
• C (concentration range 0 -70 at. % As). Five ternary arsenides have been observed in each system, and their crystal structures have been determined [1, 7, 8] . In addition, numerous ternary compounds Ln-Ni-{P, As} have been synthesized and structurally characterized [6, 7] . To give an example, in the Er-Ni-P system, six ternary phosphides have been reported: ErNi 4 P 2 [9] , Er 25 Ni 49 P 33 [10] , Er 2 Ni 12 P 7 [11] , Er 7 Ni 19 P 13 [12] , 0932-0776 / 07 / 0900-1143 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com ErNiP [13] , and ErNi 2 P 2 [14] , while in the Er-Ni-As system five ternary arsenides have been identified: ErNi 4 As 2 [15] , Er 2 Ni 12 As 7 [16] , Er 7 Ni 19 As 13 [12] , ErNiAs [17] , and Er 2 NiAs 2 [18] . The crystallographic data of these phases are summarized in Table 1 .
In order to continue our systematic investigations on the Ln-Ni-{P, As} systems, we focus in this paper on the interaction of erbium with nickel and phosphorus or arsenic. Crystallographic data and structure refinements of new ternary phases as well as the construction of the isothermal section of the solid state phase diagrams Er-Ni-P and Er-Ni-As for the temperature of 800
• C have been established.
Experimental Determination of the Er-Ni-P and Er-Ni-As Phase Diagrams

Experimental details
Several different synthetic procedures were used for the sample preparation depending on the P or As content. Starting materials were ingots of erbium (stated purity 99.99 wt. %), and powders of nickel, red phosphorus or gray arsenic (all with a minimum purity of 99.98 wt. %). In a first Table 1 . Crystallographic data of the ternary Er-Ni-P and ErNi-As compounds.
a Phases synthesized at high temperature.
step, freshly filed chips of erbium were mixed with stoichiometric amounts of the powders and pressed into pellets (1 g each) at a pressure of about 5 MPa. Samples containing less than 25 at. % P (or As) were treated by arc melting of the pellets under a Ti/Zr-gettered argon atmosphere. The samples containing 25 -33 at. % P (As) were pre-reacted in evacuated silica tubes by gradually heating them to 800 • C (heating rate of 200 • C per day) and keeping the temperature for 3 -5 days, followed by slow cooling to r. t. The samples were then melted in an arc furnace, turned over and re-melted several times. Finally, to reach thermodynamic equilibrium, the so-obtained samples (less than 33 at. % P or As) were again sealed into evacuated silica ampoules, which were heated at 800 • C for 800 -1000 h, and then quenched in cold water. Finally, samples containing more than 33 at. % P (As) were just sintered at 800 • C. In order to obtain single crystals of selected ternary compounds, a special synthesis mode was used. The pre-reacted pellets (800 • C) were placed in sealed molybdenum crucibles, heated at 1500 • C for 2 d in a high-temperature graphite furnace and then slowly cooled to r. t.
The samples were characterized by X-ray diffraction. Phase analysis of the binary and ternary compounds, as well as the intensity data collection for Rietveld structure refinement of the ternary phases, were performed using the powder diffractometers DRON-3M or HZG 4a (in both cases: CuK α radiation with λ = 1.54185Å, θ −2θ scan, 2θ ≤ 100 • , step: 0.05 • in 2θ , exposure time: 15 -20 s per step), and INEL CPS 120 (monochromatized CuK α 1 radiation with λ = 1.540562Å, 2θ range: 10 -100 • , exposure time 20 min per step). All calculations were done using the CSD software package [25] .
For the single-crystal structure determination, the intensity data were collected at ambient temperature with the help of a Nonius Kappa CCD diffractometer with MoK α radiation (λ = 0.71073Å) using the program COLLECT [26] . Data reduction and reflection indexing were performed with the program DENZO of the Kappa CCD software package [26] , while structure refinement and Fourier syntheses were carried out with the program CSD [25] .
Further details of the crystal structure investigations may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fizinformationsdienste.de/en/DB/icsd/depot anforderung.html) on quoting the deposition number CSD-418034.
Phase analyses by scanning electron microscopy and electron probe microanalyses by X-ray energy-dispersive spec-troscopy (EDS) were performed using a JEOL JSM-6400 microscope. The compositions were correlated with the diffraction data in order to identify the phases present in each sample and to establish the ternary phase diagram. In the same way, some single crystals were analyzed.
The binary compounds
Fundamental information concerning the binary systems Er-Ni, Er-P or Er-As and Ni-P or Ni-As was taken from literature data [6, 7, 19] . The Er-Ni phase diagram has been widely investigated in the whole concentration range, and the formation of eleven binary compounds has been observed [7, 19] [21] , but the exact polymorphic transition temperature is unknown as yet. For the concentration region close to ∼80 at. % Ni, three binary compounds, ErNi 4 (PuNi 4 -type), Er 4 Ni 17 and Er 5 Ni 22 , have been reported, but only the crystal structure of ErNi 4 has been determined. The temperatures of the peritectic decomposition of these compounds are very close to each other (∼1380 • C) [19] .
For the Er-P system, the existence of two phosphides ErP (NaCl-type) and ErP 5 (NdP 5 -type) has been mentioned [6, 7] , but the phase diagram has not been determined. In contrast, the Er-As phase diagram has been studied in the whole concentration range and the only established compound is the monoarsenide ErAs with a NaCl structure [7, 19] .
The Ni-P phase diagram has been constructed in the concentration range 0 -40 at. % P [19] . The binary compound Ni 5 P 2 melts congruently at 1175 • C and undergoes a polymorphic transition at 1025 • C. For α-Ni 5 P 2 , the real composition is in fact Ni 8 P 3 , and the structure is of a new type [22] , while the structure of β -Ni 5 P 2 has not been determined in the initial studies [7] . However, in a further investigation [23] , the crystal structure of α-Ni 5 P 2 was determined from single-crystal X-ray data, and a new structure type with trigonal symmetry was proposed. However, the results of precise quantitative phase analyses of the binary Ni-P samples in the concentration range 28 -32 at. % P did not confirm the formation of the Ni 8 P 3 phase at 800 • C [23] . The other binary phosphides Ni 3 P (Fe 3 P-type), Ni 12 P 5 (own type), Ni 2 P (Fe 2 P-type), Ni 5 P 4 (own type), and NiP 2 (PdP 2 -type), are formed peritectically and exist over extended temperature ranges [19] . The compounds Ni ∼1.22 P (unknown structure), NiP (own structure type), and NiP 3 (CoAs 3 -type) have been isolated only at high temperatures [7] . Finally, the phosphide NiP 2 with the pyrite-type structure was synthesized under high pressure (6.5 GPa) at temperatures between 1100 • C and 1400 • C [7] .
The Ni-As phase diagram has been studied in the concentration range up to 70 at. % As, and the formation of four binary arsenides has been observed: Ni 11 As 8 , Ni 5 As 2 , NiAs, and NiAs 2 [7, 19] . Most of these phases have crystal structures of their own types. The arsenides NiAs and Ni 5 As 2 melt congruently at 970 • C and near 1000 • C, and exhibit homogeneity ranges of 50 -61.3 and 28.09 -28.74 at. % As, respectively [19] . According to the literature [24] , NiAs presents a modulated structure at r. t. Finally, NiAs 2 undergoes a polymorphic transition at 593 • C. α-NiAs 2 crystallizes with its own type, while β -NiAs 2 has an orthorhombic structure of the marcasite-type at normal pressure, and a cubic one (pyrite-type) at high pressure and high temperature (6 GPa and 1400 • C) [7] .
The Er-Ni-P phase diagram
On the basis of the binary compounds mentioned above, the isothermal section of the Er-Ni-P phase diagram has been constructed (800 • C, up to 67 at. % P). Solid-state phase equilibria in the Er-Ni-P system have been established using X-ray diffraction and scanning electron microscopy of 39 samples (Fig. 1) . It is worth mentioning that all binary compounds on the phase diagram have been confirmed at the reaction temperature. No extended solid solutions based on the binary and ternary compounds have been observed.
The existence of the previously reported ternary compounds ErNi 4 P 2 , Er 25 Ni 49 P 33 , Er 2 Ni 12 P 7 , ErNiP, and ErNi 2 P 2 has been confirmed. Refinement of the unit cell parameters are compared with those from literature data in Fig. 1 . Isothermal section of the Er-Ni-P phase diagram at 800 • C (0 -67 at. % P). [28] and Sm 20 Ni 41.6 P 30 structures [29] , respectively (Table 1) .
Finally, during attempts to obtain single crystals of the latter phosphides, another ternary compound, Er 12 Ni 30 P 21 , could be isolated for the first time, but at a higher temperature, i. e., at 1500 • C. The structure is closely related to the (La,Ce) 12 Rh 30 P 21 -type [30] . The description of the crystal structure together with the magnetic properties of the new compound Er 12 Ni 30 P 21 will be the subject of a future paper.
The Er-Ni-As phase diagram
The isothermal section of the Er-Ni-As phase diagram at 800 • C has been constructed from X-ray phase analysis of 25 samples in the concentration range 0 -50 at. % As (Fig. 2) . The existence of numerous binary phases in the Er-Ni, Er-As and Ni-As systems, which border the phase diagram at 800 • C, has been confirmed. No extended solid solutions based on the binary and ternary phases have been observed. (Table 1) . However, our attempts to obtain single crystals or a pure X-ray powder pattern in order to confirm this hypothesis were unsuccessful.
The crystallographic data for the ternary compounds in the Er-Ni-As phase diagram at 800 • C are summarized in Table 1 . A new ternary compound Er 13 Ni 25 As 19 could be prepared at high temperatures (about 1300 -1500 • C), the crystal structure of which belongs to the Tm 13 Ni 25 As 19 -type [31] . Structural details of this structure will be the subject of a future publication.
Crystal structure of Er 6 Ni 20 P 13 Madar et al. [12] previously obtained a series Ln 7 Ni 19 X 13 , where Ln = Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, and X = P, As. According to X-ray powder analyses, this family shows isotypism with Zr 6 Ni 20 P 13 [32] . However, samples supposed to have the ideal composition Ln 6 Ni 20 X 13 always contained admixtures of Ln 2 Ni 12 X 7 . Therefore, an additional stucture determination seemed necessary to validate these first results.
The phosphide Er 6 Ni 20 P 13 was synthesized by reaction of ErP, NiP and Ni at 800 • C in an evacuated quartz ampoule. Single crystals of Er 6 Ni 20 P 13 could be isolated from a crushed sample. Details of the intensity data collection and refinement are summarized in Table 2 . From the inten- sity data set, the Laue symmetry 6/m was determined, and in accord with the systematic extinctions 00l (l = 2n) the centrosymmetric space group P6 3 /m was subsequently confirmed. The structure was solved by Direct Methods (MULTAN) which resulted in the positions of all erbium and part of the nickel and phosphorus atoms. Next, the remaining nickel positions 6h and phosphorus positions 6h and 2a were localized step by step from successive Fourier syntheses. Refinement of the occupancy factors revealed the partial occupancy of the sites 6h by three nickel atoms located around the 6 3 axis: Ni4 (40.0(9) %), Ni5 (49.6(9) %) and Ni6 (11.4(9) %). In the same way, the atom P1 in the 2a site was found to have an occupancy of only 33(3) %. Anisotropic displacement parameters for all positions occupied by more than 50 % were included in the last refinement cycles. The final results are summarized in Tables 3 and 4 erbium, nickel and phosphorus as the only components in atomic percentages of Er : Ni : P = 16.1 : 51.0 : 32.9 (with estimated standard deviations of 2 %). The interatomic distances in the Er 6 Ni 20 P 13 structure are listed in Table 4 . A projection of the Er 6 Ni 20 P 13 structure onto the ab plane and the coordination polyhedra of the atoms are shown in Fig. 3 .
Crystal structure of ErNi 4 As 2
The crystal structure of the ternary arsenide ErNi 4 As 2 could not be determined in all its details [15] . From the tetragonal symmetry and the unit cell parameters, the isotypy with the ZrFe 4 Si 2 -type was proposed. During the phase diagram construction, we obtained very pure samples of this arsenide, which enabled us to refine the ErNi 4 As 2 structure from X-ray powder data. The powder diffraction pattern has been successfully indexed with the tetragonal unit cell parameters listed in Table 5. The positional and anisotropic displacement parameters were refined by full-profile Rietveld methods (Table 6). The results confirm that ErNi 4 As 2 crystallizes in the ZrFe 4 Si 2 -type, space group P4 2 /mnm. Experimental and calculated profiles are shown in Fig. 4 .
Crystal structure of Er 2 Ni 12 As 7
The occurrence of pure samples of the phase Er 2 Ni 12 As 7 enabled us to refine the crystal structure from X-ray pow- der data. The conditions of data collection and refinement are summarized in Table 5 , while the positional and isotropic displacement parameters are listed in Table 7 . Experimental and calculated profiles of Er 2 Ni 12 As 7 are presented in Fig. 4 . One can conclude that Er 2 Ni 12 As 7 is indeed isostructural with Zr 2 Fe 12 P 7 .
Discussion
Neither solid solutions based on the binary phosphides or arsenides under consideration nor homogeneity ranges for the ternary phases were observed in the solid-state phase equilibria of the Er-Ni-P and Er-Ni-As systems at 800 • C. On the other hand, the Er-Ni-P system presents eight ternary phosphides instead of six arsenides for the Er-Ni-As system. A comparison of the main features of these phase diagrams with those of {Y, Tb, Ho}-Ni-P and Y-Ni-As previously reported in the literature confirms the main role played by the rare earth monophosphides and monoarsenides in these phase diagrams, since more ternary phases are in thermodynamic equilibrium with these binaries (Figs. 1 and 2) . Moreover, the interactions in the ternary systems depend strongly on the nature of the rare earth metal, because the number of ternary phases is not always the same (see Table 8 ). Indeed, with Lu, only three ternary phosphides exist, while with Y, Gd and Tb eight phases have been found.
Another general rule for all systems Ln-Ni-P and Ln-Ni-As concerns the fact that the domain of the ternary phosphides and arsenides with the heavy rare earth metals represents 10 -40 at. % Ln and 25 -40 at. % P (As). Two additional phases, Er 12 Ni 30 P 21 and Er 13 Ni 25 As 19 , have been syn- Table 9 . Structure types found for the ternary compounds LnNi-P (Ln = heavy rare earth metal). + + + + + + + + [14, 43] thesized, but only at higher temperatures (above 1000 • C).
From a crystallographic point of view, all the ternary phases in general are stoichiometric with a regular distribution of the atoms on the crystallographic positions, with the exception of the compounds having the Tb 1−x NiP-type where a defect in the rare earth occupancy is observed.
In the Er-Ni-P and Er-Ni-As systems, numerous ternary phases are formed with a metalloid content of 33 at. % representing a metal/metalloid ratio of up to 2 : 1. Moreover, the ternaries Er 2 30 ), together with the binary phosphide Ni 2 P, belong to a homologous series of hexagonal two-layer structures, with the general formula R n(n−1) M (n+1)(n+2) X n(n+1)+1 [6, 33] . The combination of the trigonal prisms of the R and M atoms (rare earths and nickel) centered by the P or As atoms are the main structural units in these compounds.
A summary of the ternary phases in the systems LnNi-P and Ln-Ni-As is listed in Tables 9 and 10 [12] . The structure of Er 6 Ni 20 P 13 is of a new type but closely related to the [36, 41] . The latter is derived from the Zr 6 Ni 20 P 13 -type (non-centrosymmetric space group P6) [12] . The main difference between the two structures Er 6 Ni 20 P 13 and Ho 6 Ni 20 P 13 results from the splitting of the Ni atoms around the sixfold axis and the occupancy factor of the phosphorus atom on this axis. Indeed, for Er 6 Ni 20 P 13 the structure refinement was done with three constrained split positions 6h (40 % Ni4, 49 % Ni5 and 11 % Ni6), while for Ho 6 Ni 20 P 13 two split positions (50 % Ni4 and 50 % Ni5) were refined. These atoms are represented by dotted lines in the projection of the crystal structure of Er 6 Ni 20 P 13 in Fig. 3 . As commonly observed in pnictide chemistry for hexagonal crystal structures with space group P6 3 /m and a metal/metalloid ratio equal or close to 2, the splitting of the Ni atom position induces also a disorder in the occupancy of the position 2a of the P atoms on the sixfold axis. This position is only half-occupied by one P atom, since the heights (z = 1 /4 and 3 /4) are very close to each other, as it is the case for Ho 6 Ni 20 P 13 . For Er 6 Ni 20 P 13 , this occupancy factor is less and corresponds to 33 %, as based on the structure refinement (Table 3) . The coordination polyhedra of the different atoms in the two structures are very similar. We have not taken into account the coordination polyhedra of the atoms occupying less than 50 % in the Er 6 Ni 20 P 13 structure (Fig. 3) . The P2 and P3 atoms occupy trigonal prisms formed by the metal atoms, with three additional atoms outside the lateral faces. This is the most widespread type of coordination geometry for phosphorus atoms in intermetallic compounds [7] .
Interatomic distances (Table 4 ) in the Er 6 Ni 20 P 13 structure (not taking into account the distances between atoms with partially occupied positions) are close to the sum of the metallic radii of Er (0.1757 nm) and/or Ni (0.1246 nm) and the covalent radius of P (0.110 nm) [49] . The shortest distances (d = 0.2199 nm) are observed between the atoms Ni1 and P2, which correspond to a contraction of ca. 6.5 %.
The same comments on the coordination polyhedra and the interatomic distances hold true for the crystal structures of ErNi 4 As 2 and Er 2 Ni 12 As 7 . Interatomic distances in these compounds are in good agreement with the sum of the metallic radii of Er and/or Ni and the covalent radius of As (0.118 nm). The shortest distances in the two structures are the Ni-As distances, i. e., 0.2377 and 0.2197 nm for ErNi 4 As 2 and Er 2 Ni 12 As 7 , respectively. In the latter, the contraction is nearly 12 % with respect to the sum of the respective radii. This fact can be taken to be indicative of partial covalent Ni-As bonding.
Conclusion
The investigation of the solid state phase equilibria in the ternary systems Er-Ni-P and Er-Ni-As at 800 • C led to the construction of the phase diagrams in the concentration ranges 0 -67 at. % P and 0 -50 at. % As. Eight ternary phosphides and six arsenides have been identified in these systems at 800
• C. Two additional phases, Er 16 
